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A prediction method for electromigration failure in polycrystalline lines has been proposed using the
governing parameter of electromigration damage, the atomic flux divergence (AFDgen), and the
usefulness has been verified by experiment where various line shapes were treated under various
operating conditions. In the prediction method, lifetime and failure site in a metal line have been
predicted by numerical simulation of the processes of void initiation, its growth, to line failure. The
simulation has predicted accurately the lifetime as well as the failure site of the metal line. In the
verification, however, the metal lines treated had the same grain size, that is, the same
microstructure. In this article, the prediction method for the electromigration failure of
polycrystalline lines was verified in more detail, by comparing the prediction results of lifetime and
failure site with the results of experiments using not only various shaped lines but also lines whose
microstructures were different. © 2000 American Institute of Physics. @S0021-8979~00!04406-6#I. INTRODUCTION
Electromigration is one of the key reasons of metal line
failure in packaged silicon integrated circuit. It is essential in
the study of reliability on integrated circuit to predict the
lifetime of the metal line.
In order to predict the lifetime, the Black’s equation1 is
generally used in extrapolating time to failure in the accel-
eration test to that under operating condition. The extrapola-
tion by the Black’s equation, however, is not able to univer-
sally predict the lifetime. The prediction result is changed by
the choice of condition in the acceleration test,2 and the ac-
celeration tests to get the constant depending on line shape
have to be performed for every line shapes even if the film
characteristic is the same.
The lifetime of the metal line is closely associated with
the formation of voids. The formation of voids and hillocks,
that is, electromigration damage results from the divergence
of atomic flux due to electromigration. Sasagawa et al.3 have
developed a formulation of the atomic flux divergence,
AFDgen, by considering all factors on electromigration dam-
age, that is, current density, temperature, their gradients, mi-
crostructure of line and film characteristics, and they have
identified AFDgen as a parameter governing electromigration
damage from the agreement of the void formation calculated
by using AFDgen with experiment. Recently, they also pro-
posed a method to predict electromigration failure of poly-
crystalline line by using AFDgen.4 Lifetime and failure site in
the metal line were predicted by a numerical simulation of
a!Electronic mail: sasagawa@cc.hirosaki-u.ac.jp2780021-8979/2000/87(6)/2785/7/$17.00
Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject tothe processes of void initiation, its growth to line failure
using AFDgen, where the changes in the distributions of cur-
rent density and temperature with void growth were taken
into account. In that study, the prediction method was veri-
fied experimentally using various line shapes under various
operating conditions. The current density and temperature
distributions, which are effective factors on electromigration
damage, are changed by the line shape and operating condi-
tion. Though mean-time-to-failure and failure location were
changed by the line shape and operating condition, the life-
time and failure site were able to be predicted accurately
with this method.
The experimental verification, however, treated the test
lines which were the same in grain size, that is, microstruc-
ture. Namely, the method was not verified taking notice of
the microstructure of line. The microstructure is not only one
of the effective factors on electromigration damage but also
closely related to the morphology of void growth since the
voids grow selectively along grain boundary in polycrystal-
line line. Therefore, it is important for verification of the
prediction method’s validity to clarify the effect of not only
line shape and operating condition but also the microstruc-
ture on the results predicted based on the simulation of the
growing process of a void. In the present article, the predic-
tion method for the polycrystalline line failure using the gov-
erning parameter of electromigration damage, AFDgen, is
verified in more detail by comparing the prediction results of
lifetime and failure location with the experimental results
using not only various shaped lines but also lines which have
different microstructures.5 © 2000 American Institute of Physics
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A. Calculation method of AFDgen
The governing parameter of electromigration damage,
AFDgen, has been proposed by Sasagawa et al.3 for both
cases of polycrystalline line and bamboo line. Here, the sum-
mary of the calculation method of AFDgen for polycrystalline
line is shown. The parameter AFDgen has been formulated as
follows;
AFGgen5
1
4p E0
2p
~AFDgbu1uAFDgbuu!du , ~1!
where
FIG. 1. Example of the finite element mesh and its enlargement of the
testing part of specimen. The exclusive elements to constitute the slit-like
void are allocated in the mesh generation as illustrated by very slim
rectangle.Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject toAFDgbu5Cgbr
4
)b2
1
T expS 2 QgbkT D
3H)Dw~ j x cos u1 j y sin u!2 b2 Dw
3F S ] j x]x 2 ] j y]y D cos 2u1S ] j x]y 1 ] j y]x D sin 2uG
1
)b
4T S QgbkT 21 D S ]T]x jx1 ]T]y jy D J . ~2!
The quantity Cgb is a constant related to the atomic density,
the diffusion coefficient, effective charge, and effective
width of grain boundary, and takes negative value, T is the
absolute temperature, the temperature-dependent resistivity r
is expressed as r5r0@11a(T2Ts)# , where r0 is the resis-
tivity and a is the temperature coefficient at substrate tem-
perature, Ts , b is the average grain size, Qgb is the activation
energy for dominant grain boundary diffusion, k is the Bolt-
zmann’s constant, and Dw is a constant associated with the
FIG. 2. Computation procedure for the numerical simulation of the pro-
cesses of line failure. The thickness of only the slit-like element is changed
by this procedure. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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resent film characteristics and are determined by acceleration
test using straight shaped line.4 The formulas of Eqs. ~1! and
~2! are applicable to not only straight shaped line, which
results in uniform current density and one-dimensional tem-
perature distribution, but also complicated shaped line such
as an angled line, which results in two-dimensional distribu-
tions of current density and temperature. The quantities j x
and j y are the components of current density vector j in
Cartesian coordinates x and y. The value of AFDgen gives the
change in number of atoms per unit volume and unit time.
The distributions of the current density and temperature
given to the formulas are obtained by numerical analysis.
FIG. 3. Four aluminum lines used to predict the lifetime and failure site.
Testing conditions for the four lines, Samples 1, 2, 3, and 4, are also shown
in this figure.
TABLE I. Constants used in the simulation.
Sample 1 Sample 2 Sample 3 Sample 4
r0
~V mm!
4.8531022
~at 373 K!
4.5531022
~at 373 K!
4.6131022
~at 358 K!
4.3931022
~at 358 K!
a
~/K!
0.00320
~at 373 K!
0.00320
~at 373 K!
0.00336
~at 358 K!
0.00336
~at 358 K!
b
~mm!
0.8 0.5 0.8 0.5
Qgb
~eV!
0.6254 0.5532 0.6254 0.5532
Dw
~deg!
21.35 21.33 21.35 21.33
Cgb
~KC/Js!
1.9931018 2.2731017 1.9931018 2.2731017
l
@W/~mm K!#a
2.3331024 2.3331024 2.3331024 2.3331024
H
@W¯ /~mm2 K!#
1.731026 1.631026 2.231026 2.231026
Effective
width
of slit ~mm!
0.056 0.040 0.056 0.040
aReference 6.Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject toThe fundamental equations in the analysis are expressed as
follows.
Governing equation concerning electrical potential fe :
„2fe50. ~3!
Ohm’s law:
i52
1
r0
grad fe . ~4!
Equation of steady-state heat conduction:5
l„2T1r0j"j1~r0aj"j2H !~T2Ts!50, ~5!
where the electric resistivity in the electrical problem is as-
sumed to be constant with sufficient approximation, l is the
thermal conductivity, H is the constant concerning the heat
flow from the line to the substrate, and „25]2/]x2
1]2/]y2.
B. Numerical simulation using AFDgen
Lifetime and failure site in the polycrystalline line are
predicted by means of numerical simulation of the processes
of a void initiation, its growth to line failure using AFDgen
FIG. 4. Prediction results of the lifetime and failure site in the case of
Sample 1. The metal line failure was predicted to occur with 3000 s in
lifetime and at cathode side of corner in failure site. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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current density and temperature with void growth are taken
into account on the calculation of AFDgen.
In the numerical simulation, the metal line is divided
into elements as shown in Fig. 1 and the failure process is
simulated by decreasing the element thickness based on
AFDgen. Considering the morphology of void growth in
polycrystalline line, that is, voids grow selectively along
grain boundary, resulting in slit-like voids extending toward
the linewidth and linking each other, the element thickness is
decreased at only very slim elements which are allocated
based on measurements of average grain size and effective
width of slit-like void in objective line.4 The pitch and width
of the very slim elements equal the average grain size and
the effective width of slit-like void.
Computation procedure is shown in Fig. 2. At first, the
distributions of current density and temperature in the metal
line are obtained by a two-dimensional FEM analysis. The
divergence AFDgen in each element is calculated by using
these distributions and the constants of the film characteris-
tics which are determined in advance from the acceleration
test.4 The volume decreasing in each element per one calcu-
lation step in the simulation is given by multiplying the vol-
FIG. 5. Prediction results of the lifetime and failure site in the case of
Sample 2. The failure was predicted to happen with 3300 s in lifetime and at
the cathode side of corner in failure site.Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject toume of each element, the time corresponding to one calcula-
tion step and the atomic volume to the value of AFDgen,
where one calculation step is assigned to realistic time. The
thickness of only the element for the slit-like void is de-
creased using the decrement of element volume calculated in
the element and the neighboring elements, but the neighbor-
ing elements do not change in the thickness. In the element
whose thickness is decreased, the void whose depth corre-
sponds to the decrement in the thickness of the element is
regarded as be formed. The FEM analysis of current density
and temperature in the metal line is carried out again consid-
ering every element thickness. The calculation shown in Fig.
2 is carried out repeatedly.
Considering the change in thickness of the exclusive el-
ements for the slit, the calculation process of the numerical
simulation for the lifetime prediction is carried out repeat-
edly until metal line fails which is defined as the state that
the entire linewidth is occupied by elements whose tempera-
ture exceeds the melting point and/or elements penetrating
the thickness. Here, the element thickness smaller than an
infinitesimal threshold value is considered to be penetrating.
The threshold value is found so that the predicted lifetime is
enough converged in numerical simulation. The threshold
value used is 331023 times the initial thickness. Thus, the
FIG. 6. Prediction results of the lifetime and failure site in the case of
Sample 3. The predicted lifetime was 4800 s and failure site was cathode
end. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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of the metal line under operating condition.
III. VERIFICATION OF THE PREDICTION METHOD
A. Prediction
To predict the lifetime and failure site, the aluminum
polycrystalline lines shown in Fig. 3 were used. It was noted
that the angled metal line results in two-dimensional distri-
butions of current density and temperature. Four kinds of
lines, which had two kinds of average grain sizes for each
two kinds of line shapes, were supposed. Let us call the four
lines Samples 1, 2, 3, and 4 as shown in Fig. 3. High current
density and temperature, relative to the general operating
condition, were chosen as the testing conditions to reduce the
time required for experiment of the verification. The film
characteristic constants to calculate AFDgen and the effective
width of slit-like void were obtained by the acceleration test
using straight shaped lines4 as listed in Table I. Average
grain size was measured by using a focused ion beam ~FIB!
equipment. By performing the numerical simulation, elec-
tromigration failure was predicted for each sample.
The prediction results are shown in Fig. 4 to Fig. 7 for
each sample. In the case of Sample 1, the metal line failure
was predicted to occur with 3000 s in lifetime and at cathode
side of corner in failure site. And the failure was predicted
FIG. 7. Prediction results of the lifetime and failure site in the case of
Sample 4. It was predicted that lifetime was 5500 s and failure site was
cathode end.Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject tofor Sample 2 to happen with 3300 s in lifetime and at the
cathode side of corner in failure site. For Sample 3, predicted
lifetime was 4800 s and failure site was cathode end. And in
the case of Sample 4, it was predicted that lifetime was 5500
s and failure site was cathode end.
B. Experiment
In order to verify the results of the prediction, experi-
ment was performed concerning the same line dimension and
condition as those in the simulation. Ten specimens were
used for each sample. Aluminum film was deposited by
vacuum evaporation on silicon substrate which was covered
with silicon oxide. The specimens were patterned by etching
after annealing. By changing the time of annealing, 30 and
60 min, two average grain sizes shown in Fig. 8 were pro-
vided for each line shape. The experiment was performed
FIG. 8. Examples of FIB observation of aluminum grains: ~a! the average
grain size is approximately 0.8 mm ~Samples 1 and 3!, and ~b! the average
grain size is approximately 0.5 mm ~Samples 2 and 4!. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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line becomes open, and after that the specimen was observed
by scanning electron microscope ~SEM!.
Figures 10–13 show the experimental results with fre-
FIG. 9. Experimental setup. Test line is kept at a fixed temperature on the
hot stage and subjected to dc current flow using the constant current power
supply through the galvanometer and probes.
FIG. 10. Experimental results of Sample 1: ~a! frequency distribution of the
failure site with mean-time-to-failure, where mean-time-to-failure ~experi-
ment! without square brackets was obtained from ten specimens and that in
brackets was obtained from five specimens which failed at the cathode side
of the corner, and ~b! an example of SEM observation of failure site.Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject toquency distribution of the failure site in the line and the
mean-time-to-failure. In the case of Sample 1, the mean-
time-to-failure obtained from all the ten specimens was 3888
s and the most frequent failure site was cathode side of cor-
ner. The mean-time-to-failure from five specimens which
opened at the predicted failure site, that is, cathode side of
corner was 3648 s. The mean-time-to-failure obtained from
all the ten specimens was 4002 s and the cathode side of
corner was the most frequent site for Sample 2. The mean-
time-to-failure from four specimens which opened at the pre-
dicted failure site, that is, the cathode side of the corner was
4440 s. For Sample 3, the mean-time-to-failure obtained
from all the ten specimens was 4386 s and the cathode end of
the line was the most frequent site. The mean-time-to-failure
from six specimens which opened at the predicted failure
site, that is, the cathode end of the line was 4980 s. And for
Sample 4, the mean-time-to-failure obtained from all the ten
specimens was 5898 s and the cathode end of the line was
the most frequent site. The mean-time-to-failure from six
specimens which opened at the predicted failure site, that is,
the cathode end of the line was 5480 s. The mean-time-to-
failure from specimens which opened at the predicted failure
site was close to that from ten specimens in all samples.
The failure site somewhat spread in the experiment, but
the most frequent site was predicted in all samples. In both
prediction and experiment, the lifetime of the line having
small grains was longer than that of the line having large
FIG. 11. Experimental results of Sample 2: ~a! frequency distribution of the
failure site with mean-time-to-failure, where mean-time-to-failure ~experi-
ment! without square brackets was obtained from ten specimens and that in
brackets was obtained from four specimens which failed at the cathode side
of the corner, and ~b! an example of SEM observation of failure site. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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comes longer with an increase in grain size. It is considered
that this results from change in not only grain size but also
film characteristics, for example, electric resistivity, by addi-
tional annealing. Anyway, the mean-time-to-failure and fail-
ure location were changed by line shape and operating con-
dition, which affect on current density and temperature
distributions, and by average grain size, that is, microstruc-
ture. Nevertheless, good agreement between the prediction
and the experimental results was obtained in the lifetime and
the failure site. From this it was shown that once the film
characteristics were given, the lifetime and the failure site of
the polycrystalline line which has any shape and any micro-
structure under arbitrary condition were able to be predicted
by means of the numerical simulation using the governing
parameter of electromigration damage, AFDgen.
IV. CONCLUSIONS
The predicted lifetimes agreed well with the experimen-
tal results for various line shapes under various conditions
even if the microstructure of the lines was different. And,
about the failure site, although experimental results some-
what spread, the most frequent site coincided with the pre-
FIG. 12. Experimental results of Sample 3: ~a! frequency distribution of the
failure site with mean-time-to-failure, where mean-time-to-failure ~experi-
ment! without square brackets was obtained from ten specimens and that in
brackets was obtained from six specimens which failed at the cathode end,
and ~b! an example of SEM observation of failure site.Downloaded 04 Nov 2008 to 130.34.135.83. Redistribution subject todicted failure site. Thus, the usefulness of the prediction
method for polycrystalline line failure using the governing
parameter of electromigration damage, AFDgen, was verified
in more detail.
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